The molecular basis for the recognition of glucose as a germinant molecule by spores of Bacillus megaterium QM B1551 has been examined. A chromosome-located locus (BMQ_1820, renamed gerWB) is shown to encode a receptor B-protein subunit that interacts with the GerUA and GerUC proteins to form a receptor that is cognate for both glucose and leucine. GerWB represents the third receptor B protein that binds to glucose in this strain. Site-directed mutagenesis (SDM) experiments conducted on charged proline and aromatic residues predicted to reside in the transmembrane domains of a previously characterized receptor B protein, GerVB, reveal the importance to receptor function of a cluster of residues predicted to reside in the middle of the transmembrane 6 (TM6) domain. Reductions in the region of 70-to 165-fold in the apparent affinity of receptors for glucose in which Glu196, Tyr191, and Phe192 are individually replaced by SDM indicate that some or all of these residues may be directly involved in the binding of glucose and perhaps other germinants to the germinant receptor.
Spores of Bacillus species are formed via the process of sporulation in response to nutrient starvation and are characterized by metabolic dormancy and extreme properties of resistance to a range of stress factors. Reinitiation of metabolism and the generation of a new vegetative cell necessitate the dormant spore to undergo the process of germination, which can be stimulated by a number of biochemical and/or physical means (19, 33) .
Two pathways to germination that are probably the most relevant under physiological conditions have been identified. The first of these has been identified in Bacillus subtilis only recently (35) . In this pathway an inner-membrane-located serine/threonine kinase (PrkC) triggers germination upon binding of meso-diaminopimelate-containing muropeptides, with the inference being that these peptidoglycan fragments may signal the presence of growing bacteria in the surrounding milieu.
In terms of research activities, the more established physiological route to germination is mediated by germinant receptors that, as with the serine/threonine kinase mentioned above, are located within the inner membrane that separates the protoplast and protective outer layers of the spore (13, 20, 22, 23, 47) . Orthologues of the GerA family of receptors have evolved to recognize a diverse range of amino acids, nucleotides, and sugars, the presence of which signals to the spore that environmental conditions may be conducive to growth. Structural genes encoding the germinant receptors are typically arranged in tricistronic operons, and molecular-genetic and biochemical evidence indicates that the receptor is a complex of all three protein subunits (3, 14, 41) .
Although we can state with reasonable confidence that the germinant receptors provide cognate binding sites for defined germinant molecules, interaction with which leads to initiation of the germination cascade, the precise function of the germinant receptors is not yet clear. Whether they have a direct role, for example, in transporting small molecules released from the spore core very early in the germination process, has yet to be determined (32, 38) . Similarly, the molecular mechanism and/or transduction process that permits germinant-activated receptor proteins, which are present only in extremely low abundance, to stimulate the opening of significantly more plentiful calcium dipicolinate (Ca 2ϩ -DPA) channels (42, 43) and possibly ion channel proteins in some species (24, 39) is entirely unknown.
Molecular-genetic and bioinformatic evidence has been presented, however, to suggest that the B-protein subunit of the receptor presents the site for the receptor-ligand interaction (6, 16, 29) . In particular, experiments conducted in our own laboratory using cross-homologue chimeric constructs and site-directed mutagenesis (SDM) experiments with two closely related receptor B proteins have begun to yield insights into the structure-function relationships in the Bacillus megaterium GerU receptor (4, 5) . GerU structural genes, which are plasmid-borne on the wild-type QM B1551 strain, are required to initiate the B. megaterium QM B1551 germinative response to glucose, proline, leucine, and inorganic salts (6, 36) . Subsequent analysis revealed that whereas spores bearing the GerUB protein can initiate germination in response to glucose and leucine, those bearing the GerVB protein can additionally respond to proline and high concentrations of inorganic salts (6) .
The molecular basis for this difference in germinant recognition was examined and revealed that spores bearing a Bprotein chimera, comprising the first one to eight transmembrane (TM) domains of GerUB plus TM9 to TM10 of GerVB, gain a germinative response to proline (4) . However, while a single residue in TM10 of GerVB (leucine 345) was shown to be crucial to the proline-mediated germinative response, amino acid substitution and kinetic analyses indicated that this position is not directly involved in binding to the germinant (5) . Indeed, while a number of residues have been identified as being important to receptor function, particularly in response to proline-and leucine-stimulated germination, the residues involved directly in binding to germinants-and, in particular, those involved in binding to glucose-have yet to be identified. This communication reports on an investigation performed to elucidate further the proteins involved in the recognition of glucose as a germinant by B. megaterium spores and to identify the receptor residues that may be directly involved in the receptor-ligand interaction.
MATERIALS AND METHODS
Bacterial strains and media. Bacillus megaterium strains were routinely cultured at 30°C on LB agar or broth containing antibiotics where appropriate (1 g/ml erythromycin and 25 g/ml lincomycin for macrolide-lincosamide-streptogramin B resistance [MLS r ], 100 g/ml spectinomycin, 12.5 g/ml tetracycline). The Escherichia coli strains used for site-directed mutagenesis (XL1-Blue [Stratagene]) or preparation of plasmids for transformation of B. megaterium (Top10 [Invitrogen] ) were cultured at 37°C in LB medium supplemented with 50 g/ml carbenicillin.
Construction of Bacillus megaterium mutant strains. All the Bacillus megaterium strains employed in this study (Table 1) are derivatives of strain PV361, a plasmidless variant of the wild-type QM B1551 strain that lacks the operon for GerU and the gerVB structural gene required to initiate germination in response to single trigger compounds (6, 36) . Strain GC500, the gerWB (BMQ_1820) insertion-deletion strain, was constructed by ligating a 970-bp internal fragment of the gerWB gene, digested at engineered EcoRI and HindIII sites at the 5Ј and 3Ј ends, with pGEM-3Z, which was digested with the same enzymes. The resultant plasmid was used as a template to perform an inverse PCR that introduced a deletion of 37 bp between positions 488 and 525 of the cloned fragment. The purified PCR product was subsequently blunt-end ligated with a spectinomycin resistance (Sp r ) cassette excised from plasmid pDG1726 and was used to transform E. coli, from which plasmid pGEM-⌬gerWB::Sp r was isolated. The ⌬gerWB::Sp r cassette was amplified by PCR, using primers designed to incorporate EcoRI sites at the 5Ј and 3Ј ends of the cassette, and ligated with MfeIdigested pUCTV2. Plasmid pUCTV-⌬gerWB::Sp was introduced into B. megaterium PV361 by polyethylene glycol-mediated protoplast transformation (5). A Tet s Sp r transformant, which had undergone double homologous recombination to introduce an insertion-deletion at the gerWB locus, was isolated. The correct construction of the strain (GC500) was confirmed by PCR and sequencing.
The chimeric receptor operon comprising the gerUA-gerUC-gerWB structural genes was created using an overlap PCR technique. Two PCR amplicons, the first encompassing coding and putative upstream regulatory sequences for gerUA and gerUC and the second encompassing the gerWB gene and predicted ribosome binding site and a downstream rho-independent terminator sequence, were purified and mixed to provide the template for a subsequent round of PCR. The resulting DNA fragment comprised the gerUA, gerUC, and gerWB genes arranged as a GerA-type receptor operon with appropriate regulatory sequences. The 5Ј and 3Ј ends of the purified amplicon were digested with BamHI, ligated with pHT315 (a low-copy-number B. thuringiensis-derived vector that is highly stable in B. megaterium in the absence of selective pressure [1, 18] ) restricted with the same enzyme, and used to transform E. coli. The resultant plasmid was used to transform B. megaterium strain GC500 to MLS r , giving strain GC504. SDM procedures were conducted using a Stratagene Lightning site-directed mutagenesis kit, as directed by the manufacturer. Primers for SDM were designed using the QuikChange primer design program (Stratagene). All primer sequences are available upon request. Plasmid pHT315 with appropriate receptor operons cloned at the BamHI site served as the template for SDM procedures. Transformant E. coli isolates carrying receptor genes with the correct mutations were identified by purifying plasmid DNA and then sequencing the target gene. Receptor operons carrying the correct mutation were sequenced in their entirety prior to transformation of B. megaterium GC500 to MLS r . Proto- plasting and transformation of B. megaterium were performed as described previously (5) .
Spore preparation and storage. Bacillus megaterium spores were prepared by inoculating 200 ml supplemented nutrient broth (5), containing erythromycin and lincomycin where appropriate, with 1 ml of a mid-log-phase culture of the designated strain. The cultures were incubated (30°C, 225 rpm) for 72 h before spores were harvested by repeated rounds of centrifugation (4,300 ϫ g for 7 min, 4°C), removal of the upper vegetative debris layer, and resuspension in ice-cold water. This wash procedure was repeated until the suspension was observed to be free (99%) of vegetative cells, debris, and germinated spores, as judged by phase-contrast microscopy. Spore suspensions (optical density at 600 nm [OD 600 ], ϳ100) were stored on ice and protected from light.
Germination assays. Aliquots of spores suspended in water (OD 600 , ϳ100) were heat activated at 60°C for 10 min and then briefly cooled on ice. Germination assays were conducted in 96-well plates using a Perkin-Elmer EnVisionXcite multilabel plate reader fitted with a 600-nm photometric filter. Heatactivated spores were added to buffer (5 mM Tris-HCl, pH 7.8) that had been preheated to 30°C and that contained the appropriate concentration of germinant, and germination was monitored by measuring the decrease in OD 600 every minute for at least 60 min. The plates were sealed with transparent adhesive film to reduce evaporative losses, shaken orbitally for 10 s every minute to keep the spores in suspension, and maintained at 30°C for the duration of the assay. The optical density at the start of the germination assays (OD 600 , ϳ0.4) corresponds to approximately 10 8 spores ml
Ϫ1
, and this was observed to fall by approximately 65% upon complete germination of the spore population. The progress of germination was also routinely monitored by phase-contrast microscopy. Experiments were conducted in triplicate with at least two different spore preparations.
The germination rates (v [OD units min Ϫ1 ]) for kinetic analyses (see Table 7 ) were determined from the slope of the linear segment of optical density changes over time that follows the initial lag phase upon addition of germinant. Apparent K m and V max values were subsequently determined using the ligand-binding macro of the SigmaPlot (version 11) program (Systat Software Inc.). Hyperbolic curves yielded by plotting the germinant concentration versus percent spore germination were analyzed using the same function to determine the concentration of germinant required to stimulate the germination of 50% of the spore population [K 0.5(germ) ].
DNA sequencing and bioinformatics analyses. DNA sequencing was performed by the Department of Biochemistry sequencing facility (University of Cambridge). DNA sequence analysis was performed using CLC Combined Workbench 5 software (CLC bio). Protein topology and transmembrane helix predictions were made using the HMMTOP program (40) , which is available on the ExPASy server (Swiss Institute of Bioinformatics; http://expasy.org/). The B. megaterium QM B1551 genomic sequence (GenBank accession no. CP001983) can be accessed at http://www.bios.niu.edu/b_megaterium/index.html.
RESULTS
Receptor proteins involved in the spore germinative response to glucose. Structural genes encoding Bacillus spore germinant-receptor proteins are typically organized as tricistronic operons. Mutational analyses of these operons indicate that all three proteins are required to form a functional germinant receptor. The Bacillus megaterium plasmid-borne GerU receptor operon differs slightly in that two close receptor B-protein homologues, encoded by gerUB and gerVB, respectively, can interact with proteins encoded by gerUA and gerUC to form a receptor that is cognate for glucose. Despite the assertion made above that germinant receptors typically require all three components for their function, Bacillus megaterium PV361 spores (which lack all GerU structural genes) complemented with only gerUA and gerUC retain a moderate germinative response to glucose (stimulating approximately 20% germination when glucose is added as a single trigger germinant and with the response rising to 60% when it is added as a cogerminant with leucine) (5) .
These data indicate that the GerUA and GerUC proteins might be interacting with a previously unidentified B-protein subunit to form a functional receptor. A BLAST search of the B. megaterium QM B1551 genome revealed the presence of a locus (BMQ_1820) predicted to encode a 366-residue, 40.9-kDa protein with 10 TM domains that shares 82% identity at the amino acid level with GerVB. The locus is located on the chromosome and is preceded by an open reading frame (BMQ_1819) predicted to encode a germinant-receptor protein-C subunit. Sequence alignments with other receptor C proteins and analyses of the DNA in this region indicate that the putative product of BMQ_1819 may be truncated at the N terminus by a deletion (data not shown). Additionally, there is no A-protein homologue encoded either up-or downstream of this apparent bicistronic operon, which indicates further that the genetic organization of the operon may have been disrupted at some point.
To investigate the possibility that the product of locus BMQ_1820 might be involved in the spore germinative response to glucose, an insertion-deletion mutant strain (GC500) was constructed and complemented with various plasmidborne receptor genes. The germinative response of the various mutants (Table 2 )-and, in particular, that of strain GC504-indicate that the product of BMQ_1820 can interact with GerUA and GerUC proteins to form a germinant receptor that is cognate for both glucose and leucine. We henceforth refer to this locus as gerWB, in view of the sequence and functional similarity of the protein that it encodes (GerWB) to the GerUB and GerVB germinant-receptor B proteins. Additionally, the gerWB null mutant complemented with gerUA and gerUC (strain GC503) shows no germinative response to glucose, indicating that there are no further B-protein subunits encoded on the chromosome that can interact with the GerUA and GerUC proteins (at least when they are expressed from a 
⌬gerWB pHT-gerUA-gerUC-gerVB Ͻ1 100 100 100 43 100 GC502 ⌬gerWB pHT-gerUA-gerUC-gerUB Ͻ1 100 76 7 60 8
a Spores were germinated in 5 mM Tris-HCl, pH 7.8, for 60 min with 10 mM germinant (50 mM KBr). GPLK is a mixture of glucose, proline, and leucine (each at 10 mM) and KBr (50 mM). Spore germination was measured as described in Materials and Methods.
b Rates of spore germination are given relative to the OD 600 loss (65%) for spores of strain QM B1551 in 10 mM glucose, which was set equal to 100. This value is equivalent to 100% germination after 60 min incubation. Values are the means of at least duplicate experiments; the standard deviation was Յ5% of the mean.
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on August 29, 2017 by guest http://jb.asm.org/ plasmid) to form a glucose receptor. These data are also consistent with the hypothesis that functional germinant receptors in Bacillus species comprise A-, B-, and C-protein subunits. Finally, analyses of gerWB null mutant spores complemented with the various receptor constructs described previously reveal that deletion of gerWB has little influence on the published results and conclusions (4, 5) (data not shown), with the exception of those for the aforementioned strain GC503 (pHTgerUA gerUC), which no longer shows a germinative response to glucose or leucine.
Identification of putative glucose-binding residues. Identification and functional characterization of the gerWB locus complete, as far as we know, the assignment of the receptor components involved in the B. megaterium germinative response to glucose. The construction of strain GC500, which lacks all known glucose germinant-receptor genes, therefore provides a genetic background improved over that used in previous studies (4, 5) with which complementation-based analyses aimed at revealing the consequences of amino acid substitutions directed to the various receptor B proteins may be conducted.
We have previously used SDM to examine the role of residues positioned at nonconserved regions of GerUB and GerVB in an attempt to gain insight into the molecular basis for differences in the germinant recognition profile between the two receptor proteins (4, 5) . The same approach was deemed unlikely to be successful when an attempt is made to identify the residues involved in binding to glucose, since the high degree of similarity and the common response to glucose indicate that at least some residues involved in this interaction may be conserved in GerUB, GerVB, and GerWB.
Instead, a survey of the literature pertaining to essential ligand-binding residues in a variety of integral membrane proteins involved in the transport of sugars, amino acids, and ions was conducted and revealed the recurring importance of charged and aromatic residues located on ␣ helices that span the membrane (TM helices) (8, 9, 21, 25, 27, 34, 37) . Transmembrane-located proline residues, which serve to introduce distortions and/or regions of local flexibility in the alpha helix, are also often of functional importance, particularly where conformational changes at proline-containing molecular hinges are employed to transduce extracellular signals across the membrane (7, 30, 31) .
With this in mind, the predicted topology of GerVB was examined and revealed that a number of charged, proline, and aromatic residues are predicted to reside in TM segments of the protein. Several of these residues are conserved in germinant-receptor B proteins from different species of Bacillus, which indicates that they may be of functional significance (Fig. 1) . Due to the relatively large proportion of TM aromatic residues, we decided to substitute first the TM-located charged and proline residues in an attempt to identify functionally important regions of the receptor, before focusing our attention on those aromatic residues which, on the basis of secondary structure predictions, reside in the same TM domains. In order to minimize the introduction of size-related structural perturbation, the four acidic residues were replaced by the corresponding amide residues (E19Q, D93N, E112Q, and E196Q), whereas both histidines were replaced by asparagine. The single basic residue, Lys282, was replaced by alanine, as were all six TM-located proline residues.
Analysis of the germinative response of mutant strains to germinant concentrations that are saturating for wild-type spores reveals that the E196Q substitution (GC509) is associated with the almost complete loss of the germinative response (Table 3 ). Replacement of Glu by Asp at this position permits only a weak germinative response to glucose (21%) but abolishes the germinative response to all other germinants. Considered together, these data indicate that both the size and the charge of the residue at this position are important to receptor function. Unfortunately, antisera raised against a 14-amino-acid stretch of GerVB proved to be nonspecific (data not shown); therefore, we cannot ascertain the effects that these substitutions have on receptor abundance and/or ability to insert into the membrane correctly. However, the retention of a strong germinative response to inorganic salts and essentially complete germination in response to a mixture of germinants indicates that at least some receptor protein assumes the correct fold and is inserted into the membrane. Analysis of mutant strains bearing GerVB with proline residue replacements reveals that Pro343 is of particular importance, since the germinative response of strain GC517 to all four main single-trigger compounds is essentially eliminated (Table 3 ). This residue is predicted to reside on TM10 and is in close proximity to Leu345, a position previously identified as being sensitive to structural perturbation when it is replaced by bulky amino acids (5) . A strong germinative response to a mixture of all four germinants again provides evidence that at least some functional receptor protein is present.
More detailed analyses of spores bearing the P343A mutation reveal that when each of the individual nutrient germinants was combined with KBr, a strong germinative response was induced (Table 4) . Combinations of nutrient germinants in the absence of KBr also induce germinative responses to various degrees, except where glucose and proline are combined (Ͻ1% germination). Cooperative or synergistic effects in the presence of multiple germinants have been observed previously (4), and it may be that some germinants, particularly The observation that Pro343 and, to a lesser extent, Pro349 are phenotypically important is also consistent with the idea, observed in other membrane proteins, that these proline res- a Spores were germinated in 5 mM Tris-HCl, pH 7.8, for 60 min with 10 mM germinant (50 mM KBr). GPLK is a mixture of glucose, proline, and leucine (each at 10 mM) and KBr (50 mM). Spore germination was measured as described in Materials and Methods.
b Rates of spore germination are given relative to the OD 600 loss (65%) for spores of strain QM B1551 in 10 mM glucose, which was set equal to 100. This value is equivalent to 100% germination after 60 min incubation. Values are the means of three independent experiments conducted with the same spore preparations; the standard deviation was Յ5% of the mean. Similar values were obtained with other spore preparations. a Spores were incubated in 5 mM Tris-HCl, pH 7.8, for 60 min with the respective germinants (10 mM each; 50 mM KBr). Spore germination was measured as described in Materials and Methods.
b Rates of spore germination are given relative to the OD 600 loss (65%) for spores of strain QM B1551 in 10 mM glucose, which was set equal to 100. This value is equivalent to 100% germination after 60 min incubation. Values are the means of three independent experiments conducted with the same spore preparations; the standard deviation was Յ5% of the mean.
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on August 29, 2017 by guest http://jb.asm.org/ idues might serve as molecular brackets, positioning and maintaining the structural integrity of this region of the helix for intra-or intermolecular interactions and/or conformational changes (17) . Spores bearing the P114A substitution are also notable in that they demonstrate the weakest response to a mixture of glucose, proline, and leucine (each 10 mM) and KBr (50 mM) of all strains tested in this work (59%). Proline 114 is predicted to reside at the end of TM4 (Fig. 1) , positioned toward the outside of the membrane, where it may be structurally important in defining the end of the helix. Thus, it seems more likely that substitution of this putative helical cap may exert a deleterious effect on the overall receptor structure, as opposed to having a role directly in binding to germinants.
Substitution of Pro193 (GC515) is also observed to exert a deleterious effect on receptor function, in particular, the germinative response to glucose. The defective germination phenotypes of spores bearing the Glu196 and Pro193 substitutions-both located toward the middle of TM6 and highly conserved in receptor B proteins of many Bacillus species (Fig.  1 )-indicate that this domain, like TM10, is of functional and/or structural importance. In view of this observation, we decided to replace all five aromatic residues predicted to reside in TM6 with alanine, in an attempt to identify potential ligandbinding residues. Of the other TM domains rich in aromatic residues, perhaps the most highly conserved in receptor Bprotein subunits from different species of Bacillus are those in TM3, which were also replaced by alanine. The two aromatic residues predicted to flank Lys282 in the middle of TM8 (Phe280 and Tyr288), which are also highly conserved, were also selected for substitution.
Analysis of the germinative responses to glucose of these various mutant strains is striking (Table 5) , with replacement of Tyr191 (GC525) and Phe192 (GC526), both of which reside in TM6, by alanine essentially abrogating the germinative response to glucose. The F192A substitution, like the E196Q substitution described above, also eliminates the germinative response to proline, which, when these findings are considered together, might indicate that binding sites for these germinants overlap. Alternatively, substitutions at this position may introduce structural modifications that impair access to the respective germinant-binding sites. Regardless, the efficient germinative responses observed with a mixture of germinants once again indicate that at least some correctly folded and membrane-inserted receptor is present in the spore.
All other mutant strains with aromatic substitutions are observed to retain a strong germinative response to glucose, although the responses to other germinants are variable. The F280A substitution (GC529) appears to be significant, however; although they were stable upon storage in ice-cold water, heat-activated spores are observed to germinate reasonably efficiently (45%) in 5 mM Tris-HCl buffer alone. The tendency for these spores to germinate in the absence of appreciable levels of germinant might indicate that Phe280 is in the vicinity of the active site of the receptor or may have an important structural role in receptor stability.
Kinetic analysis of glucose-defective germination mutants. Strains with substitutions to GerVB that were identified by preliminary screening as showing defective germinative responses to glucose were selected for more detailed kinetic analyses in an attempt to gain some insight into the structural basis for the defect. Despite showing extremely weak germinative responses when they were exposed to glucose concentrations that are saturating for wild-type spores, all six mutant strains tested were observed to retain a strong germinative response (Ͼ90% germination) when they were exposed to sufficiently high concentrations of glucose, as ascertained by determination of K 0.5(germ) values (Table 6 ). Control strains that lack all known GerU structural genes (GC500) and those complemented with only the A and C receptor components (GC503) do not show any response to the maximum concentration of glucose (or other nutrient germinants) tested, indicating that receptors containing mutated GerVB proteins are responsible for the observed germinative responses.
Michaelis-Menten parameters were derived for select strains from hyperbolic curves of glucose-mediated germinative rates (Table 7) . In all cases examined, K m values were subject to large (40-to 200-fold) increases, whereas maximal germinative GC501  None  1  100  99  100  57  100  GC519  TM3  F84A  4  81  63  69  5  50  GC520  TM3  Y86A  Ͻ1  9 8  8 6  9 3  3 1  9 2  GC521  TM3  Y89A  5  95  62  35  6  56  GC522  TM3  F90A  3  99  84  90  36  97  GC523  TM3  Y92A  3  95  56  25  6  37  GC524  TM6  F186A  Ͻ1  9 a Spores were germinated in 5 mM Tris-HCl, pH 7.8, for 60 min with 10 mM germinant (50 mM KBr). GPLK is a mixture of glucose, proline, and leucine (each at 10 mM) and KBr (50 mM). Spore germination was measured as described in Materials and Methods.
rates (V max ) were observed to deviate only slightly from the wild-type values, from which we can infer that the affinity of the receptor for glucose is probably being adversely affected by the replacement of residues that participate in glucose binding or perhaps substitutions that affect the conformation of the binding site.
Of the residues examined in functionally important TM6, the replacement of Glu196 by glutamine (E196Q) is observed to decrease the affinity of the receptor for glucose by approximately 165-fold (K m values, 513 mM versus 3.1 mM for the wild type). This is also reflected in the glucose concentration required to stimulate 50% spore germination within 60 min of exposure (72 mM versus 0.33 mM for the wild type), which reflects a 218-fold increase in germinant concentration. The introduction of a negatively charged residue with a smaller side chain at this position (E196D) is associated with an approximately 100-fold reduction in the affinity of the receptor for glucose, highlighting the sensitivity of this position to even subtle substitutions.
The apparent K m values for receptors with alanine replacements at the key TM6 aromatic residues (Tyr191 and Phe192) are similar (215 mM and 219 mM, respectively), representing an approximate 70-fold decrease in affinity compared to that for the wild-type response. The replacement of Pro193 by alanine results in an apparent 40-fold decrease in receptor affinity for glucose (K m , 123 mM), indicating that a prolineinduced kink or proline-mediated flexibility toward the center of TM6 is important for efficient receptor function. The only other residue examined in detail, Pro343, causes the largest shift in the apparent affinity of the receptor (an approximately 200-fold reduction), although the maximal germinative rate is similar to that for wild-type spores. Thus, the loss of the proposed proline-flanking molecular bracket in TM10 appears to disrupt the germinant-binding site, as opposed to interruption of subsequent signal transduction.
Germinative responses of glucose-defective strains to other germinants. Mutant strains carrying substitutions that strongly affect the glucose-mediated germinative response were observed in most cases to show diminished responses to other nutrient germinants (Table 6 ). Indeed, whereas the glucosemediated response is retained when Glu196 is replaced by either glutamine or aspartate, albeit with a considerable increase in the K 0.5(germ) value, the proline response is completely abolished even at the highest concentration tested (300 mM). On the other hand, spores bearing substitutions at other TM6 residues (Y191A, F192A, P193A) retain strong germinative responses when they are exposed to relatively high concentrations of proline (Ͼ85% germination; data not shown), although significant increases in K 0.5(germ) values are evident. Spores bearing the P343A substitution, however, which is predicted to reside in TM10, show only a weak germinative response (23%) at the highest concentration tested (300 mM).
Similarly, while leucine is only a weak germinant for PV361-derived spores complemented with GerVB [K 0.5(germ) , ϳ50 mM], it is evident that substitutions that severely affect the glucose-mediated response are also largely deleterious to leucine-triggered germination. With the exception of the P193A mutant, all glucose-deficient strains demonstrate an increased requirement for leucine to stimulate a 50% germinative response (E196Q) or fail to respond at all to the highest concentration of leucine tested (120 mM). The germinative response to inorganic salts also appears to be affected in these mutant strains, at least in response to 50 mM KBr (Tables 3  and 5) , although this has not been examined in detail due to the potential for the introduction of nonspecific effects at high concentrations of inorganic salts.
SDM of TM6 residues in GerUB. The GerUB protein shares 80% sequence identity with GerVB at the amino acid level and, like GerVB, is capable of initiating a glucose-mediated (10, 25, 50 , 100, 175, 250, 400, 600, 800, and 1,000 mM), and germination was monitored as described in Materials and Methods. Strain GC517 was additionally germinated in 1,200 and 1,400 mM glucose. Strain GC501 was germinated in glucose at concentrations ranging from 0.1 to 10 mM. Kinetic parameters were determined as described in Materials and Methods. The values presented for each strain are derived from three independent experiments conducted with the same spore preparation; similar values were obtained with other spore preparations. The calculated standard error associated with all measurements is less than 10%. (10, 25, 50 , 100, 175, 250, 400, 600, 800, and 1,000 mM), proline (25, 50, 75, 100, 150, 200, 250 , and 300 mM), and leucine (1, 5, 10, 20, 50, 80 , 100, and 120 mM); and germination was monitored as described in Materials and Methods. Strain GC517 was additionally germinated in 1,200 and 1,400 mM glucose. Strain GC501 was germinated in more dilute solutions (0.1 to 10 mM) of glucose and proline.
b The concentrations of germinant required to stimulate 50% spore germination ͓K 0.5(germ) ͔ were calculated after incubation for 60 min for glucose and proline, after which no further germination was observed, and 90 min incubation for leucine. The values presented for each strain are derived from three independent experiments conducted with the same spore preparation; similar values were obtained with other spore preparations. The calculated standard error associated with all measurements is less than 10%. 2 ) reveals fractional germinative responses, even when spores complemented with native GerUB (GC502) are exposed to relatively high concentrations of germinant. However, whereas the germinative response of spores complemented with the native GerUB protein is saturated by 10 mM glucose, which stimulates 53% germination, spores complemented with any of the mutated GerUB receptors barely initiate a germinative response at all (Ͻ5%) at the same concentration of germinant. Indeed, relatively weak germinative responses are attained even with 500 mM glucose (GerUB E196Q, 24%; Y191A, 17%; F192A, 21%). The observation that spores lacking GerUB (GC503) do not germinate under any condition tested indicates that the mutated GerUB variants are responsible for the germinative responses at relatively high concentrations of glucose.
DISCUSSION
This communication describes a number of new observations concerning receptor proteins involved in initiating the B. megaterium QM B1551 spore germinative response. A chromosome-located structural gene, gerWB, has been characterized via mutational and genetic complementation analyses as encoding a spore germinant-receptor protein-B subunit that can interact with the GerUA and GerUC proteins to confer a receptor complex that is cognate for both glucose and leucine. Observations that PV361 spores complemented with only gerUA and gerUC structural genes retain a glucose response whereas gerWB mutant spores do not indicate that the GerWB protein is expressed and present in the spore. Whether the resultant protein contributes to the wild-type QM B1551 response to glucose and/or leucine, where it would presumably face competition from the GerUB and GerVB proteins for putative interaction sites with the GerUA and GerUC proteins, has yet to be established.
We also report for the first time on the identification of residues that significantly affect the GerU-mediated germinative response to glucose. SDM was used to introduce amino acid substitutions to various charged, proline, and aromatic residues predicted to reside in TM regions of GerVB. Whereas the probable structural importance of Pro343 in TM10, where it might promote helical interactions that facilitate access to crucial ligand-binding residues, is consistent with previous observations as to the importance of this domain to efficient receptor function (5), the importance of TM6 has additionally been identified.
A number of observations lead us to postulate that residues predicted to reside in TM6 of GerVB may be directly involved in binding of germinants. The decreases in the apparent affinity of the receptor when Glu196, Tyr191, and Phe192 are individually replaced are of magnitudes similar to those reported for various prokaryotic amino acid/sugar transporters where ligand-binding residues are replaced (11, 26) . Similarly, the chemical nature of the candidate ligand-binding residues, i.e., charged and/or aromatic amino acids, is consistent with the nature of residues observed to be directly involved in binding to ligands in various single-component transporters (10, 21, 34) , although we acknowledge that any comparisons between spore germinant-receptor proteins and bacterial transporters have to be made with caution. Finally, amino acids at the equivalent positions in other germinant-receptor proteins are highly conserved, including the B. subtilis GerKB protein, which appears to be cognate for glucose (2, 15) (Fig. 1) , and, indeed, of functional importance, as demonstrated for the homologous GerUB protein.
It is evident also that substitutions to residues that are crucial to glucose-mediated germinative responses exert deleterious effects on the responses to other nutrient germinants. These observations and the results of kinetic analyses previously conducted with combinations of germinants (4, 5) are consistent with a receptor model in which the respective germinant-binding sites are close to the receptor and may in some cases overlap. Alternatively, it is entirely feasible that residues identified as being important to receptor function are not involved in ligand binding and that, instead, substitution introduces structural perturbations that adversely affect the conformation of germinant-binding sites. Similarly, the possibility that some or all of these substitutions result in reduced receptor abundance, perhaps by interfering with the ability to insert correctly into the membrane, which might be expected to lead to an increased requirement for germinants in order to trigger germination, should also be recognized.
Definitive identification of the residues that are directly involved in binding to germinants and, indeed, mechanistic insights into spore germinant-receptor function will require appropriate structural information at the level of atomic resolution. This seems to be some way off since, in our expe-FIG. 2. Germination rates of B. megaterium (⌬gerWB) spores complemented with GerU receptor genes in which the GerUB protein has been subjected to site-directed mutagenesis. Spores were germinated in buffer (5 mM Tris-HCl, pH 7.8) plus glucose at various concentrations (0.1, 0.25, 0.5, 1, 10, 100, and 500 mM glucose). }, GerUB; छ, GerUA GerUC; E, GerUB E196Q; F, GerUB Y191A; ϫ, GerUB F192A. The results are the averages of three independent experiments conducted with single batches of spores; similar values were obtained with other spore preparations. Error bars represent the standard deviation from the mean (omitted for clarity on the mutant strains [standard deviation Ͻ 5%]).
rience, receptor B proteins are recalcitrant to overexpression in E. coli, presenting a major bottleneck to crystallization trials.
It may be possible, however, to derive structural information from other sources. The spore germinant-receptor B proteins are members of the amino acid, polyamine, and organocation (APC) superfamily of secondary transporters (spore germination protein [SGP] family; transporter classification no. 2.A.3.9) (16), the first high-resolution structures of which have recently been solved (10, 11, 34) . Despite limited sequence identity at the amino acid level, the overall fold of these APC proteins (in which TM6 to TM10 are structurally related and whose folds are inverted with respect to those of TM1 to TM5) is very similar to the core structure observed in four other families of unrelated transport proteins (9, 28, 44, 46) . This raises the question as to whether members of the SGP family might also adopt this common structural fold, particularly since the predicted 10 ␣-helical domains that define the topology of the SGP family are structurally analogous (based on protein alignments) to TM1 to TM10 of other APC proteins.
It is intriguing that helices that comprise TM6 and TM1 in the known APC crystal structures are involved in substrate binding via characteristic short nonhelical sections that expose main-chain carbonyl and amide groups that promote hydrogen bonding with a substrate(s) and facilitate subsequent conformational changes (10, 11, 34) . TM10 is also shown to participate in the substrate-binding cavity of the arginine/agmatine antiporter AdiC, where it is thought to undergo a conformational shift to assist with the occlusion of bound substrate to the periplasm (10) . Thus, the functional importance of TM6 and TM10 to protein-B subunits of the B. megaterium GerU receptor is at least consistent with the notion that some members of the SGP family may adopt a fold similar to that of APC transporters.
Additionally, residues in TM3 and TM8 are also involved in substrate binding in various APC transporters. An aromatic residue (Trp293), for example, located toward the center of TM8 of the arginine/agmatine antiporter AdiC, forms part of the floor of the substrate-binding cavity (10) . It is not inconceivable that Phe280, which is located at a similar position in TM8 of GerVB and which is highly conserved in other receptors, performs a similar role, and this is why the receptor structure appears to adopt an activated state upon its replacement by alanine, as evidenced by the high degree of spore germination initiated in buffer alone. The determination of whether these observations are entirely coincidental or the first evidence that an APC transporter-like fold is shared by members of the SGP family is a current focus of our research.
